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Computer modelThe effects of inborn oxidative phosphorylation (OXPHOS) complex deﬁciencies or possible each-step activation
(ESA) dysfunction on the bioenergetic system in working intact skeletal muscle are studied using a computer
model of OXPHOS published previously. The curves representing the dependencies of V

O2 and metabolite con-
centrations on single complex activity, entire OXPHOS activity or ESA intensity exhibit a characteristic threshold
at someOXPHOS complex activity/ESA intensity. This threshold forV

O2 of single complex activities is signiﬁcant-
ly lower in intact muscle during moderate and heavy work, than in isolated mitochondria in state 3. Metabolite
concentrations and pH in working muscle start to change signiﬁcantly at much higher OXPHOS complex activi-
ties/ESA intensities than V

O2. The effect of entire OXPHOS deﬁciency or ESA dysfunction is potentially much
stronger than the effect of a single complex deﬁciency. Implications of theseﬁndings for the genesis ofmitochon-
drial myopathies are discussed. It is concluded thatV

O2 in state 3 and its dependence on complex activity in iso-
latedmitochondria is not a universal quantitative determinant of the effect ofmitochondrial dysfunctions in vivo.
Moderate and severemitochondria dysfunctions are deﬁned: the former affect signiﬁcantly onlymetabolite con-
centrations and pH, while the latter also decrease signiﬁcantly V

O2 in intact skeletal muscle during work. The
dysfunction-caused decrease inV

O2/oxidative ATP synthesis ﬂux, disturbance ofmetabolite homeostasis, elevat-
ed ROS production and anaerobic glycolysis recruitment can account for such mitochondrial myopathy symp-
toms as muscle weakness, exercise intolerance (exertional fatigue) and lactic acidosis.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Oxidative phosphorylation (OXPHOS) in mitochondria is responsi-
ble for most energy supply in the form of ATP in most muscles under
most conditions. The rate of respiration (V

O2) is proportional to the
rate of aerobic ATP synthesis.
It has been demonstrated, through titration of OXPHOS complexes
with speciﬁc inhibitors, that the curves representing the dependence
of V

O2 on the complex activity in isolated mitochondria in state 3 ex-
hibit a characteristic threshold — above a certain threshold value of
the complex activity V

O2 is little affected by this activity, while below
the threshold V

O2 falls steeply with a decrease in complex activity
(see e.g., [32,38,36]). This property was related to the genesis of inborn
mitochondrial diseases, which develop below a certain threshold level
of wild-type mtDNA/complex activity [32,31,36]. The threshold curves
constitute also a basis for determination of ﬂux control coefﬁcients
(fccs) deﬁned within Metabolic Control Analysis (see Ref. [6] for re-
view), determining the impact of a small change in complex activitygy, Jagiellonian University, ul.on V

O2. It has been demonstrated that the metabolic control over the
respiration ﬂux is distributed more or less uniformly among particular
OXPHOS complexes (their fccs are of the same order of magnitude) in
isolated mitochondria in state 3 [10,32,37].
Inborn OXPHOS complex deﬁciencies caused by mutations in mito-
chondrial or nuclear DNA (mtDNA and nDNA, respectively), can lead
to various diseases, concerningmostly tissues with high relative energy
demand (in relation to OXPHOS capacity), such as skeletal muscle or
neural tissue [40,5,13,35,36,39,34]. They are characterized by a thresh-
old value of an OXPHOS complex/whole OXPHOS activity below which
the disease develops. This threshold increases with age, as mutations
in mtDNA accumulate [40]. The deﬁciencies can potentially exert their
effect through the decrease in the oxidative ATP supply ﬂux, distur-
bances in metabolic homeostasis during work transitions, cytosol acidi-
ﬁcation or impact on the rate of ROS (reactive oxygen species)
production. Mutations in mtDNA and nDNA (point mutations or dele-
tions) can affect genes involved in protein synthesis in general (leading
to entire OXPHOS deﬁciencies; for instance genes for tRNA, rRNA, genes
controlling the number of mtDNA copies) as well as genes encoding
particular OXPHOS complex units [40,5,36,39]. Mitochondrial dysfunc-
tions can be somehow associated with calcium dysregulation [13] or
skeletal muscle insulin resistance (restriction of glycogen deposition)
[34].MitochondrialV

O2 in state 3 correlates linearlywith heteroplasmy
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within the respiratory chain. Its complexes are composedof several sub-
units encoded in either nDNA or mtDNA. Most of the knownmutations
have been identiﬁed in mtDNA [36]. However, generally, the mecha-
nisms responsible for the genesis and etiology ofmitochondrial diseases
are not well understood.
Brand and Nicholls proposed that V

O2 in state 3 or, alternatively,
RCR (respiratory control ratio = state 3 V

O2/state 4 V

O2) in isolated
mitochondria is the best indicator of mitochondrial dysfunction [3].
It has been argued that random separation ofmtDNAmolecules dur-
ing mitochondria divisions in organisms with some fraction of mutated
mtDNA molecules (point mutations in single OXPHOS complex
encoding genes) can lead to the so-called ‘binary mitochondrial
heteroplasmy’, that is to the presence of two distinct mitochondria
sub-populations, containing only wild-type or mutated mtDNA mole-
cules [26]. The former would be fully active, the latter — fully inactive,
containing only the non-functional form of a given OXPHOS complex
encoded by the mutated gene, although they would contain wild-type
molecules of other complexes encoded by not mutated genes. There-
fore, such a situation would be equivalent to the entire OXPHOS deﬁ-
ciency [26]. Its impact on V

O2 is much stronger than the impact of a
single complex deﬁciency in the absence of ‘binary mitochondrial
heteroplasmy’ [26]. Large deletions in mtDNA [5,7,35,36] or mutations
in genes responsible for protein synthesis in mitochondria (mostly
tRNA and rRNA genes) [40,5,13,35,36] would exert a similar effect.
Mitochondrial myopathies, affecting mostly skeletal muscle, have
several symptoms, among others: 1. muscle weakness and atrophy;
2. exercise intolerance (exertional fatigue); 3. lactic acidosis (myocyte
cytosol acidiﬁcation related to lactate accumulation) [40,5,35,39]. The
mechanisms underlying mitochondrial myopathies etiology are still
not fully understood.
It has been postulated, using the computer model of OXPHOS in mi-
tochondria and of thewhole skeletal muscle bioenergetic system devel-
oped previously [25,15,27,23], that themainmechanism responsible for
the regulation of OXPHOS during rest-to-work transition in skeletal
muscle (and other tissues) is the so-called each-step activation (ESA)
[15,16,19,21]. This mechanism is able to explain numerous system ki-
netic properties (see e.g., Refs. [16,19,21]). According to this mecha-
nism, all OXPHOS complexes (complex I, complex III, complex IV, ATP
synthase, ATP/ADP carrier, Pi carrier) and theNADH supply block are di-
rectly activated (probably through some mechanism involving, mostly
cytosolic, Ca2+ and protein phosphorylation, see Refs. [15,16,19,21])
during muscle stimulation, in parallel with the activation of ATP usage
(actomyosin-ATPase and Ca2+-ATPase) by Ca2+. In fact, it was pro-
posed [24,18,21] that perfect ESA functions in the intact heart in vivo
during low-to-high-work transition, where ATP demand is activated
to the same extent as ATP supply and essentially no changes in metab-
olite concentrations (PCr, Pi, ADP, NADH) take place [12]. In skeletal
muscle, the mixed mechanism (MM) takes place, in which OXPHOS is
activated by ESA, but to a smaller extent than ATP usage, and therefore
moderate changes in metabolite concentrations take place during rest-
to-work transition and contribute to the regulation of OXPHOS [15,16,
21]. Namely, an increase in the concentration of ATP hydrolysis prod-
ucts: ADP and Pi constitutes a negative-feedback signal that elevates
oxidative ATP synthesis in working muscle.
A dysfunction of ESA for all OXPHOS complexeswould be equivalent
to a decrease in the ‘effective activity’ of all OXPHOS complexes (and
therefore of entire OXPHOS) in working intact skeletal muscle (see
below). Therefore, its effect would be formally similar (for a given
work intensity) to the effect of the ‘binarymitochondrial heteroplasmy’
or to a decrease in mitochondria amount/entire OXPHOS activity. The
difference is that ESA does not act at rest and that a complete lack of
ESA during work does not mean a decrease of OXPHOS activity to
zero, but to the resting value. ESA is of course absent in isolated mito-
chondria (at least in the absence of Ca2+, see Discussion).The computer model of OXPHOS and of the whole skeletal muscle
bioenergetic system, that is also used in the present theoretical study,
has been extensively validated for a broad range of variable values and
system properties (see e.g., Refs. [19–21] for overview.) In particular,
what is particularly important in the context of the present article, the
model has been tested by comparison of computer simulations with
the experimental values of ﬂux control coefﬁcients deﬁned withinMet-
abolic Control Analysis and with thewhole inhibitor titration/threshold
curves for OXPHOS complexes in isolated skeletal muscle mitochondria
in state 3 [25,21].
In the present theoretical study the computermodel of OXPHOS and
of the whole skeletal muscle bioenergetic system is used to analyze the
impact of a decrease in single complex/whole OXPHOS activity or in ESA
intensity on the oxygen consumption ﬂux and metabolite concentra-
tions in isolatedmitochondria in state 3 or in intact skeletalmuscle dur-
ing moderate and heavy work. It is hypothesized that: 1. An OXPHOS
complex deﬁciency/inhibition that causes a huge fall in V

O2 (and thus
in oxidative ATP production) in isolated mitochondria in state 3 can
have only a minor effect on V

O2 in working intact skeletal muscle.
This would be related to a higher value of the complex activity thresh-
old, below which V

O2 drops steeply, in isolated mitochondria than
in intact muscle; and 2. In working intact skeletal muscle metabolite
(especially ADP, PCr, Pi and Δp) concentrations and pH start to change
signiﬁcantly atmuchhigher OXPHOS complex activities/ESA intensities,
than those below which V

O2 begins to fall signiﬁcantly (such changes
can disturb metabolism, in particular cause muscle fatigue). For both
of these reasons, V

O2 in state 3 or RCR (respiratory control ratio, state
3 respiration/state 4 respiration) in isolated mitochondria would not
be universal determinants of the effect of mitochondria dysfunctions
in vivo. Also the threshold values of single OXPHOS complex/entire
OXPHOS activities for V

O2 in isolated mitochondria in state 3 would
not correspond quantitatively to the threshold values for V

O2 and me-
tabolite concentrations in working skeletal muscle. Additionally, the
isolated mitochondria system cannot serve as a model for studying the
effect of possible ESA dysfunctions in intact skeletal muscle (it can sim-
ply demonstratewhatwould happen,when ESA is absent at all). Finally,
it is proposed to roughly classifymitochondrial dysfunctions as: 1. mod-
erate dysfunctions that affect signiﬁcantly metabolite and pH levels, but
not V

O2 in working intact skeletal muscle; 2. severe dysfunctions that
affect signiﬁcantly both metabolite concentrations (and pH) and V

O2
in working intact skeletal muscle. Generally, it is argued that not only
(the threshold in) V

O2/oxidative ATP synthesis, but also (disturbance
of) metabolite and pH homeostasis are strictly relevant for the genesis
of mitochondrial myopathies.
2. Theoretical methods
2.1. Computer model
The theoretical model of OXPHOS in mitochondria and of the whole
skeletal muscle cell bioenergetic system including anaerobic glycolysis
developed previously [25,15,27,23] was used in the present study.
This model comprises particular oxidative phosphorylation (OXPHOS)
complexes (complex I, complex III, complex IV, ATP synthase, ATP/
ADP carrier, Pi carrier), anaerobic glycolysis, creatine kinase (CK), ATP
usage, NADH supply and proton efﬂux/inﬂux.
The model has been broadly validated by comparison of its predic-
tionswith experimental data and used for numerous theoretical studies
(see e.g., Refs. [19–21] for overview). Among others, what is particularly
important in the context of the present study, themodel has been tested
for the values of ﬂux control coefﬁcient and the shapes of whole inhib-
itor titration/threshold curves of OXPHOS complexes in isolated skeletal
musclemitochondria in state 3 [25,21]. The completemodel description
Fig. 1. Simulated dependence ofV

O2 (scaled to intact skeletal muscle) on complex IV, ATP
synthase and entire OXPHOS activity (rate constant) in isolated mitochondria in state 3.
C4, complex IV; SN, ATP synthase. Entire OXPHOS activity = kcompREST of all OXPHOS
complexes.
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sis is located on the web site: http://awe.mol.uj.edu.pl/~benio/.
2.2. Simulation procedures
It was aimed to model both state 3 in isolated mitochondria, and
moderate and heavy work states in intact skeletal muscle. In order to
scale V

O2 in isolated mitochondria in state 3 to mitochondria in intact
skeletal muscle the computer model version for intact skeletal muscle
[23] was used. However, in order to reproduce the isolated mitochon-
dria system possibly well, the following changes were made in simula-
tions concerning isolated mitochondria (compare Ref. [22]): 1. The
creatine kinase system (CK+ PCr + Cr) was removed (blocked). 2. An-
aerobic glycolysis was blocked. 3. ESA was removed (blocked) — it was
assumed that OXPHOS is activated only indirectly, through an increase
in ADP, in response to saturating (for OXPHOS) ATP demand activity ap-
plied. 4. A constant extramitochondrial pH = 7.0 was set. 5. A constant
extramitochondrial Pi concentration equal to 10 mMwas set. 6. A con-
stant extramitochondrial ATP + ADP concentration equal to 2 mM
was set.
Three sets of simulations were made:
1. Isolated mitochondria. The activity (rate constant) of ATP usage (in
isolated mitochondria: hexokinase + glucose) was increased 25
times in relation to rest in intact muscle in order to saturate
OXPHOS with ADP (and thus to reach state 3). No ESA was intro-
duced (only the negative-feedbackmechanismwas present). The re-
maining system properties were as described above.
2. Moderate work in intact skeletal muscle. The activity (rate constant)
of ATP usage was increased AUT = 35 times in relation to rest (see
e.g., Refs. [29,30]). The activities (rate constants) of all OXPHOS com-
plexes and NADH supply were increased AOX = 350.43 = 4.61 times
in relation to rest (the power coefﬁcient p = 0.43 constitutes the
measure of ESA intensity) (mixed mechanisms, MM). The activity
(rate constant) of glycolysis was increased AGL = 350.87 = 22.05
times in relation to rest (the power coefﬁcient p = 0.87 constitutes
the measure of glycolysis activation intensity) [23].
3. Heavy work in intact skeletal muscle. The activity (rate constant) of
ATP usage was increased AUT = 80 times in relation to rest (see
e.g., Refs. [29,30]). The activities (rate constants) of all OXPHOS com-
plexes and NADH supply were increased AOX = 800.43 = 6.58 times
in relation to rest (mixed mechanisms, MM). The activity (rate con-
stant) of glycolysis was increased AGL= 800.87= 45.26 times in rela-
tion to rest.
Generally, ‘effective’ activities (rate constants) of particular OXPHOS
complexes during exercise (kcompEFF) were equal to ‘resting’ activities
(rate constants) (kcompREST) multiplied by ESA intensity AOX:
kcompEFF ¼ kcompREST  AOX: ð1Þ
For all three sets of simulations, the dependence of V

O2 and chosen
metabolite concentrations on the relative rest activity (kcompREST), and
thus on the relative ‘effective’ activity (kcompEFF) of the entire OXPHOS
(all OXPHOS complexes), of complex IV (C4) or of ATP synthase (SN)
was simulated by a gradual decrease in subsequent simulations in the
rate constants (kcompREST) of all OXPHOS complexes, of C4 or of SN
from 100% to 0% (isolatedmitochondria) or to low fraction (intactmus-
cle) of the initial (‘normal’) value. An analogical result was obtained (for
working skeletal muscle) when the ESA intensity (AOX) for all com-
plexes was gradually decreased from ‘normal’ value (4.61 and 5.68 for
moderate and heavy work intensity, respectively) to 1 (no ESA) (mod-
erate exercise) or to slightly above 2 (heavy exercise). In intact working
muscle the complex activity was not decreased to zero and ESA intensi-
ty at heavy exercise was not decreased to 1 (completely switched off)
for two reasons. First, such a decrease would lead to unphysiologicallylow pH values. Second, the mechanistic dependence of the glycolytic
ﬂux in intact muscle on ADP, AMP, Pi and ATP was described explicitly
within the model as a phenomenological linear dependence on ADP
[23]. This approximate kinetic description meets the limits of its appli-
cability when ADP begins to be transformed to AMP (by adenylate
kinase-catalyzed reaction) at very low values of oxidative ATP supply.
3. Theoretical results
Computer simulations conﬁrm the experimental ﬁnding [32,38,36]
that in isolated skeletal muscle mitochondria in state 3 the dependence
of V

O2 on the relative complex IV (C4) or ATP synthase (SN) activity
(rate constant, kcompREST) has a typical threshold shape. However, the
threshold value of complex activity is higher for SN, than for C4, as pre-
sented in Fig. 1. One can see (Fig. 1, Table 1) that a decrease in the rela-
tive C4 and SN activity to 2% and 20%, respectively, of the ‘normal’ value
leads to an about two-fold decrease in V

O2 in isolated mitochondria in
state 3. However, VO2 starts to decrease atmuch higher relative C4 and,
especially, SN activities (Fig. 1, Table 1). A similar general behavior of the
system is also present in the case of the remaining OXPHOS complexes
(complex I, complex III, ATP/ADP carrier, Pi carrier). However, threshold
values and exact shapes of threshold curves differ to some extent be-
tween complexes. Nevertheless, their ﬂux control coefﬁcients are of
the same order of magnitude (not shown, see Ref. [25]).
Computer simulations give a linear dependence (without any
threshold) of V

O2 on entire OXPHOS activity (rate constants, kcompREST,
of all OXPHOS complexes) in isolatedmitochondria in state 3 (Fig. 1, see
also Ref. [26]). This is caused by the fact that all the control over V

O2 in
state 3 is kept by OXPHOS complexes (see e.g., Ref. [37]).
In computer simulations concerning isolatedmitochondria, state 3 is
reached by setting a saturating (for ATP supply by OXPHOS) activity of
ATP usage. Therefore, the extramitochondrial ATP/ADP ratio is very
low (comparing to intact skeletal muscle), around 1, even at ‘normal’
complex activity (not shown).
The quantitative properties of the system in intact skeletal muscle at
moderate and heavywork are signiﬁcantly different than in isolatedmi-
tochondria in state 3 (see Figs. 2–9). The threshold values of C4 and SN
activity for V

O2 are much smaller here, as it is shown in Figs. 2A, 3A, 6A
and 7A. For instance, in isolatedmitochondria in state 3 a decrease in C4
activity to 2% of its ‘normal’ value decreases V

O2 by about 50%. In intact
muscle at moderate and heavy work the same decrease in C4 activity
Table 1
Simulated relative fall of V

O2 elicited by a decrease in complex IV (C4) or ATP synthase
(SN) activity (rate constant) in isolated mitochondria and intact skeletal muscle during
moderate and heavy work.
Complex IV activity (% of normal) 10% 5% 2%
Isol. mit. state 3 ↓ 19.9% ↓ 29.3% ↓ 49.6%
Moderate work ↓ 2.1% ↓ 3.0% ↓ 5.6%
Heavy work ↓ 1.4% ↓ 3.4% ↓ 6.4%
ATP synthase activity (% of normal) 30% 20% 10%
Isol. mit. state 3 ↓ 35.5% ↓ 52.7% ↓ 72.8%
Moderate work ↓ 0.5% ↓ 1.3% ↓ 27.1%
Heavy work ↓ 1.8% ↓ 13.8% –
Isol. mit., isolated mitochondria; ↓, decrease.
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
O2 by only about 6% — see Table 1. An analogous situation
takes place in the case of SN. A reduction of relative SN activity to 20%
of its ‘normal’ value decreasesV

O2 by about a half in isolatedmitochon-
dria and by about 1% or 14% in intactmuscle atmoderate or heavywork,
respectively (Table 1). Additionally, for both C4 and SN signiﬁcant
changes in metabolite concentrations begin at much higher values ofFig. 3. Simulated dependence of V

O2 and metabolite concentrations on ATP synthase ac-
tivity (rate constant, kcompREST) in intact skeletal muscle during moderate exercise. A, de-
pendence of V

O2 , cytosolic ADP and pH; B. dependence of cytosolic PCr, ATP, Pi; C,
dependence of Δp and mitochondrial NADH.
Fig. 2. Simulated dependence of V

O2 andmetabolite concentrations on complex IV activ-
ity (rate constant, kcompREST) in intact skeletal muscle duringmoderate exercise. A, depen-
dence ofV

O2, cytosolic ADP andpH; B. dependence of cytosolic PCr, ATP, Pi; C, dependence
of Δp and mitochondrial NADH.complex activities, than noticeable decrease inV

O2. This concerns espe-
cially ADP, PCr, Pi and pH, as it can be seen in Figs. 2AB, 3AB, 6AB and
7AB, and in Table 2. For instance, duringmoderate work in intact skele-
tal muscle, a decrease in SN activity to 20% of its ‘normal’ value causes a
decrease in V

O2 by 1.3%, increase in ADP by 24.5%, decrease in PCr by
14.4% and increase in cytosolic H+ by 50.7% (Table 2). During heavy
work, a decrease in SN activity to 20% of its ‘normal’ value causes a de-
crease in V

O2 by 13.8%, increase in ADP by 37.4 times, decrease in PCr
by 93.3% and increase in cytosolic H+ by 4.88 times (Table 2). In other
words, in intact skeletal muscle during work the threshold values of
complex activities for metabolite concentrations are higher than for V

O2. Therefore, an (almost) unaffected V

O2 does not mean that nothing
happens in energymetabolism of themyocyte. AlsoΔp starts to fall sig-
niﬁcantly at much higher complex activities, than V

O2. On the other
hand, the increase in NADH seems to be well correlated with the fall
of V

O2 (Figs. 2C, 3C, 6C and 7C).
Generally, an experimental ﬁnding that a given OXPHOS complex
deﬁciency/inhibition signiﬁcantly decreases V

O2 in isolated mitochon-
dria in state 3 does not mean that the same effect will be seen in intact
Fig. 5. Simulated dependence of V

O2 and metabolite concentrations on ESA intensity
(AOX) in intact skeletal muscle during moderate exercise. AOX indicates how many times
OXPHOS complexes are directly activated during rest-to-work transition; AOX = 1
means no ESA. A, dependence of V

O2, cytosolic ADP and pH; B. dependence of cytosolic
PCr, ATP, Pi; C, dependence of Δp and mitochondrial NADH.
Fig. 4. Simulated dependence ofV

O2 andmetabolite concentrations on entire OXPHOS ac-
tivity (rate constants of all OXPHOS complexes, kcompREST) in intact skeletal muscle during
moderate exercise. A, dependence of V

O2, cytosolic ADP and pH; B, dependence of cyto-
solic PCr, ATP, Pi; C, dependence of Δp and mitochondrial NADH.
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complex deﬁciency.
The threshold values of entire OXPHOS activity for V

O2 and metab-
olite concentrations (and pH) in intact skeletal muscle are much higher
than the threshold values of single complex activities. This can be seen
for moderate work in Fig. 4 vs. Figs. 2 and 3, and in Table 2. For instance,
for a decrease in C4, SN or entire OXPHOS activity to 20% of the ‘normal’
value, V

O2 decreases by 1.4%, 1.3 and 18.7%, respectively (Table 2). At
the same time, ADP increases by 13.8%, 24.8% and 13.4 times, respec-
tively. However, again, signiﬁcant changes inmetabolite concentrations
and pH begin at much higher values of OXPHOS (complex) activity than
signiﬁcant decrease inVO2 (Figs. 2–4, Table 2). For instance,when entire
OXPHOS activity decreases by 80%, V

O2 decreases by 18.7%, ADP in-
creases 13.4 times, PCr decreases by 93.3%, and cytosolic H+ increases
2.77 times (Table 2, Fig. 4).
A decrease in ESA intensity in intact muscle during moderate work
would exert a similar effect as a decrease of the entire OXPHOS activity.
This can be seen in Fig. 5. However, in this case the ESA intensity AOX
equals 1 for no ESA (kcompEFF = kcompREST). Therefore, variable values
do not change so much as in the case of low single complex/entireOXPHOS activities (low kcompREST values) (Fig. 4). Nevertheless, also
for the decrease in ESA intensity, metabolite concentrations and pH
start to change signiﬁcantly at higher intensity values than V

O2 . It
must be stressed that a decrease in the ‘effective’ entire OXPHOS activity
(kcompEFF of all complexes) gives exactly the same effect, regardless
whether it is caused by a decrease in the ‘resting’ rate constants
(kcompREST of all complexes) or in ESA activity (AOX).
Generally, OXPHOS/ESA dysfunctions affect ﬁrst metabolite and pH
homeostasis. A much greater fall in mitochondria amount/entire
OXPHOS activity/ESA intensity is necessary to have a noticeable impact
onV

O2. However, it can be clearly seen that when the relative ‘effective
activity’ of entire OXPHOS decreases below about 15% of its ‘normal’
value, the system simply collapses. ADP rises dramatically, PCr falls to
zero, Pi increases to very high values, ATP starts to fall and a huge cytosol
acidiﬁcation takes place (Fig. 4). This happens before V

O2 drops very
signiﬁcantly. Of course, such a collapse appears also at single complex
(e.g., C4 or SN) deﬁciencies. However, in this case a higher decrease in
relative complex activity is needed to cause the effect (Figs. 2 and 3).
The general pattern of the system behavior for heavy work is (semi-
quantitatively) similar to that for moderate work. This can be seen in
Fig. 7. Simulated dependence of V

O2 and metabolite concentrations on ATP synthase ac-
tivity (rate constant, kcompREST) in intact skeletal muscle during heavy exercise. A, depen-
dence ofV

O2, cytosolicADP and pH; B, dependence of cytosolic PCr, ATP, Pi; C, dependence
of Δp and mitochondrial NADH.
Fig. 6. Simulated dependence of V

O2 andmetabolite concentrations on complex IV activ-
ity (rate constant, kcompREST) in intact skeletal muscle during heavy exercise. A, depen-
dence of V

O2 , cytosolic ADP and pH; B, dependence of cytosolic PCr, ATP, Pi; C,
dependence of Δp and mitochondrial NADH.
1315B. Korzeniewski / Biochimica et Biophysica Acta 1847 (2015) 1310–1319Figs. 6–9 and Tables 1 and 2. Namely, the thresholds of single complex
activities for V

O2 are much lower at heavy work than in isolated mito-
chondria in state 3 (Figs. 6 and 7 vs. Fig. 1, Table 1), althoughhigher than
at moderate exercise (Figs. 2 and 3). Metabolite concentrations and pH
start to change signiﬁcantly at much higher relative single complex ac-
tivities/entire OXPHOS activities/ESA intensities, than those signiﬁcant-
ly decreasingV

O2 (Figs. 6–9). The system collapses below certain single
complex activity/entire OXPHOS activity/ESA intensity. The threshold
values for bothV

O2 andmetabolite concentrations (and pH) are higher
at heavy work than at moderate work. Relative changes in metabolite
concentrations are greater in the former case (Figs. 6–9 vs. Figs. 2–5).
Of course, V

O2 is much higher at heavy work than at moderate work
(Figs. 6–9 vs. Figs. 2–5). Also the ‘normal’ metabolite concentrations
(for 100% of OXPHOS activity/ESA intensity) are different. PCr, Δp,
NADH and pH are lower, while ADP and Pi are higher during heavy
work than duringmoderate work. Finally, the energetic system collapse
takes place here for a signiﬁcantly higher value of the relative entire
OXPHOS activity: about 33% vs. 15% for moderate work (Fig. 8). This
also concerns the system collapse elicited by a decrease in single com-
plex activities (Figs. 6 and 7). Finally, when ESA intensity (AOX) for
heavy exercise decreases to about 2, the energetic collapse of the systemtakes place (Fig. 9), unlike for moderate exercise. Therefore, skeletal
muscle cannot perform heavy exercise when ESA is absent at all. Any-
way, exercise intolerance would probably appear at even higher (than
2) ESA intensities due to changes in metabolite concentrations and H+
causing muscle fatigue; see Discussion.
4. Discussion
In the present theoretical study an impact of a decrease in single
OXPHOS complex activity, in entire OXPHOS activity/mitochondria
amount, or in ESA intensity in isolated mitochondria in state 3 or in in-
tact skeletal muscle during moderate and heavy work is investigated.
The consequences of inbornOXPHOS complex deﬁciencies and ESAdys-
functions for mitochondria diseases (in particular: myopathies) are an-
alyzed. The usefulness of the isolated mitochondria system for the
quantitative characterization of inborn OXPHOS dysfunctions and
their effect in intact working skeletal muscle, and for diagnosis of mito-
chondria diseases is discussed.
The ﬁrst conclusion drawn from computer simulations of OXPHOS
complex deﬁciencies/ESA dysfunctions is that their effect on the bioen-
ergetic system in isolated mitochondria in state 3 and in intact skeletal
muscle during (moderate and heavy) work differs signiﬁcantly. In
Fig. 9. Simulated dependence of V

O2 and metabolite concentrations on ESA intensity
(AOX) in intact skeletal muscle during heavy exercise. AOX indicates how many times
OXPHOS complexes are directly activated during rest-to-work transition; AOX = 1
means no ESA. A, dependence of V

O2, cytosolic ADP and pH; B. dependence of cytosolic
PCr, ATP, Pi; C, dependence of Δp and mitochondrial NADH.
Fig. 8. Simulated dependence ofV

O2 andmetabolite concentrations on entire OXPHOS ac-
tivity (rate constants of all OXPHOS complexes, kcompREST) in intact skeletal muscle during
heavy exercise. A, dependence of V

O2, cytosolic ADP and pH; B, dependence of cytosolic
PCr, ATP, Pi; C, dependence of Δp and mitochondrial NADH.
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O2
are much lower in working muscle than in isolated mitochondria in
state 3 (and in both cases differ between different complexes) (Figs. 2,
3, 6 and 7 vs. Fig. 1). This is mostly caused by the fact that in isolatedmi-
tochondria in state 3 ATP usage has essentially no control overV

O2 and
oxidative ATP supply ﬂux, while in working intact skeletal muscle most
of the control is at ATP usage [22]. In intact skeletal muscle at moderate
and heavy work OXPHOS (oxidative ATP supply) is not saturated with
the rate of ATP usage, because of the presence of intensive ESA
(AOX N 4.5) (see Ref. [33]) for comparison. In state 3.5 (with V

O2 ,
ATP/ADP and ATP turnover intermediate between state 4 and state
3) in isolated mitochondria, set by sub-maximum activity of the artiﬁcial
ATP usage system, ATP usage also keepsmost of the control overV

O2, but
at much lower V

O2 values than in working muscle [22].
As a result, a complex deﬁciency that affects signiﬁcantly the oxygen
consumption ﬂux in isolated mitochondria in state 3 can exert only a
minor effect onV

O2 inworking intact skeletal muscle. Therefore, isolat-
ed mitochondria in state 3 are not a sufﬁciently good model for quanti-
tative assessment of the effect of a givenOXPHOS complex deﬁciency on
V

O2 in vivo. Also mitochondria in state 3.5 do not constitute asatisfactory reference point, because they have a much lower rate of
ATP synthesis, than mitochondria in working muscle, because of the
lack of ESA [22]. And, of course, isolatedmitochondria (at least in the ab-
sence of Ca2+, see below) on principle cannot be a source of any infor-
mation concerning ESA dysfunction in intact skeletal muscle. Finally,
isolated mitochondria can say little about metabolite concentrations in
intact muscles during work and their changes caused by OXPHOS deﬁ-
ciencies. On the other hand, the threshold dependence ofV

O2 on single
complex activities in isolated mitochondria in state 3 can constitute an
easy-to-understand conceptual model, the ﬁrst step that helps to illus-
trate qualitatively the idea of the threshold characteristics of mitochon-
drial diseases [36].
Also entire OXPHOS deﬁciency in isolated mitochondria in state 3 is
not a good model of such a deﬁciency in intact skeletal muscle during
work. Large-scale deletions in mtDNA, comprising both OXPHOS
complex-encoding genes and genes involved in protein synthesis in
general, cause entire OXPHOS deﬁciency. This is evidenced by a linear
correlation ofV

O2 with heteroplasmy of deletedmtDNA in isolatedmi-
tochondria in state 3 [7]. Such a behavior should be expected in the case
of entire OXPHOS deﬁciency in isolated mitochondria— compare Fig. 1.
Table 2
Simulated relative changes in V

O2 and chosen metabolite concentrations caused by a de-
crease (to 20% of the ‘normal’ value) of complex IV (C4), ATP synthase (SN) or entire
OXPHOS activity in intact skeletal muscle at moderate and heavy work.
Decrease in activity of: C4 SN entire OXPHOS
Moderate work
Relative change in
V

O2 ↓ 1.4% ↓ 1.3% ↓ 18.7%
ADP ↑ 13.8% ↑ 24.8% ↑ 13.4 times
PCr ↓ 8.5% ↓ 14.4% ↓ 93.3%
Cytosolic H+ ↑ 47.2% ↑ 50.7% ↑ 2.77 times
Heavy work
Relative change in
V

O2 ↓ 1.9% ↓ 13.8% –
ADP ↑ 24.1% ↑ 37.4 times –
PCr ↓ 18.2% ↓ 93.3% –
Cytosolic H+ ↑ 83.7% ↑ 4.88 times –
↑, increase; ↓, decrease.
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O2 and metabolite concentrations show a
threshold dependence on entire OXPHOS activity in intact skeletal mus-
cle during moderate and heavy work, as demonstrated in Figs. 4 and 8.
mtDNAmutations in OXPHOS complex-encoding genes are associat-
edwith single complex deﬁciencies.Mutations in genes involved in pro-
tein synthesis in general (especially in tRNA- or rRNA-encoding genes),
large deletions or ‘binary mitochondrial heteroplasmy’ are associated
with entire OXPHOS deﬁciencies. Some mitochondrial diseases
(e.g., MELAS,MERRF, NARP,MILS, MIDD, LHON,myopathy and diabetes,
sensorineural hearing loss, exercise intolerance, fatal infantile encepha-
lomyopathy) are caused by pointmutations (both in complex-encoding
genes and tRNA-encoding genes). Other diseases (Kearns–Sayre syn-
drome, CPEO, Pearson syndrome) are caused by large-scale deletions
[39,36]. The same mitochondrial pathologies can be caused by various
mutations in mitochondrial or nuclear genes affecting different tRNAs
or OXPHOS complexes, while the same mutations can lead to different
clinical syndromes [40,36].
The second conclusion is that when single complex activity/entire
OXPHOS activity/ESA intensity decreases in working intact skeletal
muscle, signiﬁcant changes in metabolite concentrations and pH begin
earlier than a signiﬁcant decrease in V

O2 (see Figs. 2–9 and Table 2).
Therefore, the threshold values of OXPHOS (complex) activity/ESA in-
tensity for metabolite concentrations and pH are higher than for V

O2.
In yet other words, at the same degree of single complex deﬁciency or
entire OXPHOS/ESA dysfunction, metabolite concentrations can be
markedly affected with only a small decrease in V

O2. For instance, at
moderate work when the entire OXPHOS activity is decreased to 20%
of its normal value,V

O2 falls by only 18.7%,while ADP concentration in-
creases 13.4 times, PCr decrease by 93.3%, while cytosolic H+ increases
2.77 times (Table 2). The same general pattern is present in the case of
C4 and SN activity (Table 2, Figs. 2,3), as well as during heavy work
(Table 2, Figs. 6–9).
In isolated mitochondria in state 3 the levels of extramitochondrial
ADP, ATP, AMP and Δp are completely irrelevant for physiological con-
ditions prevailing in working intact skeletal muscle, and therefore
they are not discussed in detail. Also for this reason, isolated mitochon-
dria are not a satisfactorily good model for studying the etiology of mi-
tochondrial myopathies.
Generally, the present study shows that single OXPHOS complex de-
ﬁciencies/inhibition can lead not only to a decrease in V

O2, but also to
disturbance of metabolite homeostasis and cytosol acidiﬁcation
(Figs. 2,3,6,7). In both cases the threshold behavior can be observed.
Possible ESA dysfunction has not been discussed previously in the con-
text of the effect on muscle energy metabolism or mitochondrial dis-
eases. The present study demonstrates that also a decrease in ESAintensity (AOX), similarly as in entire OXPHOS activity (kcompREST),
leads to a decrease in ﬂuxes (V

O2, oxidative ATP supply), disturbs me-
tabolite homeostasis (especially of ADP, PCr, Pi and Δp) and leads to cy-
tosol acidiﬁcation (Figs. 4,5,8,9). All these effects aremuch stronger here
than for the same degree of a decrease in single complex activity. Addi-
tionally, it was shown previously that a decrease in mitochondria
amount/activity or in ESA intensity slows down the transition of V

O2
and metabolite concentrations from resting to working values [28].
Mitochondrial myopathies have several syndromes, among others:
1. muscle weakness and atrophy; 2. exercise intolerance (exertional fa-
tigue); and 3. lactic acidosis [35,39,40]. The present theoretical studies
demonstrate that inborn single complex/entire OXPHOS deﬁciencies
and/or ESA dysfunctions can account for the etiology of these aspects
of myopathies.
The decrease in V

O2 and oxidative ATP supply in an obvious way
limits muscle abilities of power generation. Of course, the restriction
of oxidative ATP supply is harmful in itself, because it limits the ability
to meet ATP usage by muscle contraction. A decrease in ATP associated
with increase in ADP and Pi (and also in AMP, IMP and NH3), as well as
with a drop in pH, can lead to disturbance of different processes in the
cell that consume ATP. In particular, an increase in cytosolic H+, Pi,
ADP, AMP, IMP and/or NH3 can lead tomuscle fatigue and thus compro-
mise the power generation abilities and limit the duration of exercise of
a given power output [41,2,9]. A decrease in oxidative ATP supply activ-
ity leads to rise in ADP (andPi andAMP),what in turn activates ATP syn-
thesis by anaerobic glycolysis that helps tomeet the ATPdemandduring
exercise. This effect causes an increase in lactate level and cytosol acid-
iﬁcation,which can be itself harmful for the cell (it can disturb function-
ing or even damage numerous cell components). An increase in NADH
and/or Δp (Figs. 2–9) can also elevate the ROS production rate, because
this rate depends extremely steeply on NADH and/or Δp [4,11,14]. Also
defected OXPHOS complexes (in the result of mutations in genes
encoding their subunits), especially complex I (NADH dehydrogenase),
the main source of ROS in mitochondria [4], can accelerate ROS synthe-
sis. ROS can severely damage various cell components: proteins, nucleic
acids, lipids etc., and thus cause morphological/functional changes in
myocytes. Generally, it is likely that not a decrease in V

O2/oxidative
ATP supply per se, but ﬁrst of all changes in metabolite concentrations
and fall in pH (and elevated ROS production) are responsible to the
greatest extent for the etiology of mitochondrial myopathies.
As discussed above, in intact working skeletal muscle metabolite
concentrations and pH begin to be affected at much higher relative
OXPHOS complex activity/ESA intensity, than respiration and oxidative
ATP supply (Figs. 2–9). For instance, when ATP synthase (SN) activity is
decreased to 20% of its ‘normal’ value,V

O2 in intact skeletalmuscle dur-
ing moderate work decreases by 1.3%, ADP concentration increases by
about 25%, PCr decreases by about 14% and H+ rises by about 51%
(Table 2, Fig. 3). When entire OXPHOS activity is decreased to 20% of
its ‘normal’ value, V

O2 decreases by about 19%, ADP concentration in-
creases over 13 times, PCr decreases by about 93% and H+ rises about
2.8 times (Table 2, Fig. 4). Analogous effects are exerted by a decrease
in single complex activity during heavy work (Figs. 6,7), in entire
OXPHOS activity during heavy work (Fig. 8) or in ESA intensity during
both moderate and heavy work (Figs. 5 and 9).
Therefore, mitochondrial dysfunctions can be roughly classiﬁed as:
1. Moderate dysfunctions, signiﬁcantly affecting metabolite concentra-
tions and lowering pH, but not decreasing signiﬁcantly VO2 in working
intact skeletal muscle; 2. Severe dysfunctions, affecting signiﬁcantly
both V

O2 and metabolite concentrations in working intact skeletal
muscle.
One can arbitrarily deﬁne as ‘signiﬁcant’ a relative change (increase/
decrease) in the considered variable value by 20% of the ‘normal’ value
and take ADP as a representative metabolite. Then, for the simulations
carried out in the present study, moderate dysfunction would take
1318 B. Korzeniewski / Biochimica et Biophysica Acta 1847 (2015) 1310–1319place for about 1(n.d.)%–17(24)%, while severe dysfunction for below
about 1(n.d.)% of the relative activity of C4 for moderate (heavy)
work. The analogous values would be 11(n.d.)%–22(40)% and below
11(n.d.)% of relative SN activity, and 19(n.d.)–80(85)% and below
19(n.d.)% of relative entire OXPHOS activity, respectively. Some values
are not determined (n.d.) for heavy work, because the system collapses
beforeV

O2 drops by 20%. Generally, the above values donot correspond
well with the values of decrease in C4, SN and entire OXPHOS activity
(10%, 44% and 80%, respectively), at which V

O2 falls by 20% in isolated
mitochondria in state 3.
Potentially, the effect of ESA dysfunction or entire OXPHOS deﬁcien-
cy is muchmore pronounced, than the effect of single OXPHOS complex
deﬁciency of the same relative magnitude, because in the former case
the effective activity (kcompEFF = kcompREST × AOX) of all complexes is af-
fected during muscle work. Therefore, it will also lead to more severe
mitochondrial diseases. The difference between large deletions in
mtDNA, mutations in genes involved in protein synthesis in general
(e.g., tRNA genes) or ‘binary mitochondrial heteroplasmy’, on the one
hand, and ESA dysfunction, on the other hand, is that the latter does
not affect muscle at rest and a complete lack of ESA does not entirely
block OXPHOS.
Brand and Nicholls proposed that V

O2 in state 3 or, alternatively,
RCR (respiratory control ratio = state 3 V

O2/state 4 V

O2) in isolated
mitochondria is the best indicator of mitochondrial dysfunction [3].
The present study suggests that state 3 respiration (or RCR) says little
about intact skeletal muscle respiration, and essentially nothing about
metabolite concentrations (and pH) during moderate and heavy exer-
cise. The same single OXPHOS complex or entire OXPHOS deﬁciency
has different effect in isolatedmitochondria and in intactmuscle. Isolated
mitochondria cannot also constitute an appropriate model for studying
ESA dysfunctions. Therefore, in my opinion, isolated mitochondria are
not a satisfactorymodel for quantitative assessment of the effect ofmito-
chondria dysfunction in vivo and for diagnosis of mitochondria diseases.
In a recent experimental–theoretical study a very low threshold
value of complex I activity for pyruvate oxidation (proportional to
V

O2) in isolated mitochondria in state 3 was simulated [1]. However,
the computer model of OXPHOS used in this study [42] predicts that
among OXPHOS complexes over 80% of the control over V

O2 is kept
by complex III, while other complexes, including complex I, have negli-
gible control (see Ref. [21] for discussion). On the other hand, this pre-
diction clearly contradicts numerous experimental studies that show a
more or less uniform control distribution among OXPHOS complexes
in skeletal muscle mitochondria in state 3 [32,37,10]. The model used in
the present study predicts correct control distribution and shapes of
inhibition/threshold curves for particular OXPHOS complexes [25,21].
The molecular mechanism underlying ESA is still not fully under-
stood. It was shown in a recent study that Ca2+ causes an about 2-fold
activation of essentially all OXPHOS complexes in isolated skeletal mus-
cle mitochondria respiring on glutamate/malate [8]. On the other hand,
the present theoretical study and several previous studies (see e.g., Refs.
[15,16,21,29]) demonstrate that an at least 4–5-fold direct activation of
all OXPHOS complexes is necessary to explain the observed behavior of
the bioenergetic system in intact skeletal muscle during rest-to-work
transitions. It has been proposed that in vivo the activation mechanism
involves Ca2+ (mainly cytosolic), some Ca2+-binding protein (analo-
gous to calmodulin) and protein (e.g., OXPHOS complexes) phosphory-
lation [15,16,19,21].
Some simulated system properties can be expected in an intuitive
way, without computer modeling. However, such intuitive predictions
can be only qualitative. A computer model allows to generate quantita-
tive and explicit predictions, and to ‘visualize’ them. To predict other
system properties, such as higher threshold values of OXPHOS activity
for metabolite concentrations and pH than for V

O2, computer model
is needed.Of course, the present study has some limitations. Any computer
model of a complex biological system is only an approximation of the
reality. A reliable model should be extensively veriﬁed by comparison
of its theoretical predictions with a possibly broad set of variable values
and system properties. Additionally, the greater and more complicated
the model, the more comprehensive validation it needs. The present
model is moderately complicated and has been validated for a wide
range of diverse experimental data (see e.g. Refs. [16,19–21]). On the
other hand, in the present study e.g., AMP deamination and ‘additional’
ATP usage (resulting from a decrease in the work efﬁciency, i.e. in the
power output/ATP usage ratio) that can occur during heavy exercise
are not taken into account for simplicity. Theyweremodeled previously
[17,30]. This allowed a steady-state to be reached during simulations.
This statewas reached, after 10–15min of exercise, even in thepresence
of anaerobic glycolysis, because glycolysis is inhibited by its own prod-
uct, H+, and therefore is self-limiting [23,30]. The computer simulations
also take into account no increase in other complex amounts/activities
as a compensation of a given complex deﬁciency, which was stated ex-
perimentally [1]. Nevertheless, these simpliﬁcations seem to have little
inﬂuence on the main general conclusions of the present study.
5. Conclusions
The computer model of OXPHOS and entire bioenergetic system in
skeletal muscle used in the present study shows that the same
OXPHOS complex deﬁciency/inhibition can signiﬁcantly decrease V

O2
in isolated mitochondria in state 3, and have only a small impact on V

O2 in intact skeletal muscle during moderate and heavy work. In other
words, the threshold value of complex activity for V

O2 is much higher
in isolatedmitochondria than in skeletal muscle. Inworking intact skel-
etal muscle metabolite (ADP, PCr, Pi, Δp) concentrations and cytosolic
pH begin to change signiﬁcantly at much smaller decreases in single
complex activity/entire OXPHOS activity/ESA (each-step activation) in-
tensity, than those at which V

O2 starts to fall signiﬁcantly. Again, this
means that the threshold values of OXPHOS (complex) activity/ESA in-
tensity are higher for metabolite concentrations/pH, than for V

O2. Ad-
ditionally, the relevant threshold values and changes in V

O2 and
metabolites are higher for heavy work than for moderate work. Two
kinds of mitochondrial dysfunctions were distinguished on the basis
of these theoretical ﬁndings: 1.moderate dysfunctions that affect signif-
icantly metabolite and pH levels, but not V

O2 in working intact skeletal
muscle; 2. severe dysfunctions that affect signiﬁcantly both metabolite
concentrations (and pH) and V

O2. Computer simulations show that
the thresholds of OXPHOS complex activities in isolated mitochondria
are well correlated with neither of them. It is argued that inborn
OXPHOS (complex) deﬁciencies and/or ESA dysfunctions can elicit mi-
tochondrial diseases (in particular:myopathies) through compromising
the oxidative ATP supply ﬂux, disturbing metabolite (ADP, PCr, Pi, Δp)
homeostasis and causing cytosol acidiﬁcation. They altogether could
disturb several ATP-using processes, decrease the power/ATP ratio and
lead to muscle fatigue. They could also lead to an intensiﬁcation of
ROS production (that could damage several cell components). These ef-
fects could account for such mitochondrial myopathies symptoms as
muscle weakness and atrophy, exercise intolerance (exertional fatigue)
or lactic acidosis. For the ﬁrst time, the possible role of ESA dysfunctions
in the genesis of mitochondria diseases is discussed. Generally, it is con-
cluded that isolated mitochondria are not a sufﬁciently good quantita-
tive model of the effect of OXPHOS complex deﬁciencies/ESA
dysfunctions in intact skeletal muscle. Consequently, the measurement
ofV

O2 in state 3 (or RCR), aswell as titration of particularOXPHOS com-
plexes with speciﬁc inhibitors in isolated mitochondria is not a sufﬁ-
ciently precise tool for quantitative diagnosis of mitochondrial
diseases. Finally, it is likely that not a decrease in V

O2 and oxidative
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